A ferrous burden loses its permeability in the cohesive zone of a Blast Furnace (BF), where the iron burden materials soften and melt. A tailor-made, high-temperature furnace named ARUL (Advanced Reduction under Load) was used here to study the reduction-softening behaviour of acid and olivine pellets and basic sinter under simulated BF gas, temperature and pressure conditions.
Introduction
The reduction of iron ore pellets in a Blast Furnace (BF) takes place under conditions where the upper charge layers exert a load upon the lower layers. The pressure of the burden causes deformation of the solid phases, which is increased at elevated temperatures by the melt onset and leads to loss of permeability. 1) Borinder and Bi 2,3) have listed several factors influencing the softening and melting properties of iron burden materials. These include: iron content; amount of slag-forming components; melting point of gangue and slag-forming additives; basicity; SiO 2 , FeO and MgO content; reducibility; and the particle size of the iron ore. Additionally, the behaviour of the burden materials depends on the operational factors of the BF, including the reducing gas atmosphere (CO, CO 2 , H 2 , sulphur, alkali), temperature profile, the value of the load, and contact with other burden materials.
Improvement of the reduction-softening properties of iron burden materials has been a hot topic in ironmaking since the 1970s. Studies of quenched blast furnaces in Japan [4] [5] [6] encouraged various research groups to carry out reduction under load tests in order to achieve more accurate measurements and improve the softening and melting properties of iron burden materials. 7 ) Table 1 presents a summary of the conditions used in the softening-melting tests. Various conditions and sample sizes have been used in the tests. Some softening studies 8, 9) for iron ore pellets have been carried out under isothermal conditions using a reducing gas, and some studies 3, [10] [11] [12] [13] [14] [15] [16] under inert (i.e. Ar or N 2 ) conditions with pre-reduced pellets. The weakness in the studies with pre-reduced samples is that the heat treatment is not carried out simultaneously with the reduction, as in a blast furnace. Another weakness is that some softening studies comprise only an individual pellet 16, 17) or a couple of pellets 2, 3, [9] [10] [11] [12] [13] [14] [15] 18) instead of a packed bed of pellets. 7, 8, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] Studies 2, 7, [21] [22] [23] [24] [25] [26] [27] [28] [29] have been carried out for iron ore pellets under load dynamically from ambient temperature to elevated temperatures using a simulated BF gas. Recently, Guha and Sinha 29) presented a modified softening-melting test with a possibility to use a gas composition varying with temperature/time to better simulate the actual conditions in a BF. However, they used a program in which the gas composition was adjusted stepwise instead of a program which changes continuously the gas composition.
The International Organization for Standardization has a standardized Reduction under Load (RUL) test (ISO 7992:2007) 8) that provides a relative measure for evaluating the structural stability of iron ores when reduced under the conditions prevailing in the reduction zone of a blast furnace. A test piece with a weight of 1 200 g is isothermally reduced in a fixed bed in a tube made of heat-resistant steel at 1 050°C under a static load of 50 ± 2 kPa using a reducing gas consisting of 40 vol-% CO, 2 vol-% H 2 and 58 vol-% N 2 until a reduction degree of 80% is obtained. The size range of the pellets and lump ores in the test is 10.0 − 12.5 mm. The reduction tube has an inner diameter of 125 ± 1 mm, and the total gas flow rate is 83 ± 1 l/min. As a result, the reduction curve is obtained, the differential pressure at 80% reduction is calculated, and the change in the height of the test bed at 80% reduction is measured. Because of the relatively low test temperature, liquid phases do not form when using traditional iron burden materials, and the focus is only on the reduction of iron oxides under mechanical and chemical stress.
Borinder and Bi
2) highlight the importance of the setup of the experimental methods to simulate the process conditions. To more accurately simulate the conditions prevailing in a BF as the iron burden falls down to the cohesive zone, a reduction-softening test named ARUL (Advanced Reduction under Load) was developed in the 1990s at Rautaruukki (now a part of SSAB Europe) in Finland. 31) Recently, the test has been further modified and a couple of scientific papers 32, 33) have been published about the experimental results. The composition of the gases is changed dynamically during the test and the test ends when the pressure difference over the sample increases to 7 kPa simulating the conditions in the cohesive zone where the reducing gases have major difficulties to penetrate through the material layer. The permeability of a packed bed in the reductionsoftening test decreases drastically before the complete Yamaoka et al. 24) 120 mm 50 −100 mm 19) Gustavsson et al. 20) 80 mm 70 mm~640 g 30% melting of the iron burden material, and hence only the early stages of the softening and melting can be considered. The final reduction degree and the temperature at the end of the test provide data for comparative studies between different iron burden materials. The purpose of this paper is to introduce the industrial reduction-softening test named ARUL and its continuously adjusted gas composition-temperature program, which is used to simulate the actual blast furnace conditions. Furthermore, this paper presents a comparison between the reducibility and the softening of two types of iron ore pellets and one type of sinter. The phenomena causing the deformation of the samples is discussed on the basis of the observations in their microstructure. Phase diagrams for the 5-component FeO-SiO 2 -CaO-MgO-Al 2 O 3 systems and liquid oxide phase fraction percentage calculations from FactSage 34) are used to clarify the softening behaviour of the pellets and the sinter.
Experimental 2.1. Materials
Acid and olivine fluxed iron ore pellets and basic sinter were used in the investigations. The iron ore pellets were commercial pellets from two different suppliers, and the sinter was produced in the sintering plant at Raahe Steel Works, which closed in 2011. The chemical composition, the short basicity (CaO/SiO 2 ) and the amount of slagforming components are shown in . The occurrence of magnetite is low in the pellets in relation to the sinter, because magnetite in the pellets has mainly re-oxidized during the induration process.
Reduction-softening Test
The reduction-softening behaviour of the pellets was studied with a high-temperature furnace named ARUL. The ARUL test is a dynamic reduction and softening test for pellets, sinters and lump ores that was developed at Rautaruukki (now a part of SSAB Europe) for both research and quality control purposes to study the high-temperature properties of iron burden materials. 23 Fig. 1 .
In the ARUL reduction-softening test, a loose-packed layer of iron burden with a height of 90 mm is put in a graphite cylinder 70 mm in diameter with a perforated and removable bottom and lid. The compression is executed pneumatically so that the cylinder pushes the lid of the graphite crucible downwards while the bottom of the graphite crucible stands still. The particle size of the pellets used in the tests was 10-12.5 mm. The sinter was crushed and sieved to a particle size of 3.15-12.5 mm in order to fit roughly the same amount of material into the crucible. The aim was to keep the ratio between the sample weight and the total gas flow rate constant in the reduction-softening tests. The initial sample weights were 659.1 g, 698.2 g and 706.2 g for the acid pellet, the olivine fluxed pellet and the basic sinter, respectively. The variations in the sample weights are caused by the differences in the bulk density of the materials. The batch of iron burden material was simultaneously heated in a resistor furnace and continuously reduced in CO-CO 2 -N 2 gas using the smooth program named MASSIM, which simulates the BF reduction conditions. The total gas volume flow rate was 20 l/min. No H 2 and H 2 O were used in the experiments, because the reduction-softening test apparatus has no water vapour feed system. The gas composition and temperature profile is shown in Fig. 2 . The reducing conditions are illustrated in a Fe-O-CO-CO 2 phase stability diagram presented in an earlier paper. 33) With the MASSIM program, a compression force of 200 kPa is started at 800°C and lasts until the end of the test. During the test, the sample temperature inside the test burden, the pressure difference over the sample and the height of the test material are measured continuously. The test finishes when the pressure difference over the sample increases to 7 kPa. A constant value for the pressure difference at the termination of the test was chosen in order to make possible to compare the test results between different iron burden materials. One reason not to continue the test up to even higher pressure differences and temperatures is the maximum temperature for the furnace, which is limited to 1 350°C. At termination of tests, the structure of the sample has become so dense that the reducing gases have major difficulties in penetrating through the material layer simulating the cohesive zone in a BF. After each reduction-softening test, the sample is cooled in a nitrogen flow for several hours in order to prevent oxidation of the sample.
To characterize the reduction-softening behaviour of the iron ore pellets, the following indices have been derived: The TDP20, TDP50 and TDP70 values state the temperature at pressure differences of 2 kPa, 5 kPa and 7 kPa, respectively. The temperature at a pressure difference of 2 kPa has been chosen to indicate the onset of softening, because in that stage a rapid increase of pressure difference has started. The sample temperature at termination of tests is expressed as TDP70 and also the final temperature hereafter. RD final is the reduction degree at the end of the test and is calculated based on weight change during the test and the total iron and divalent iron content. The weight change during the test is determined by measurements performed before and after the test with laboratory scales. The compression of the material layer is calculated from the measured displacement (in millimetres) in a vertical direction during the test.
After the reduction-softening tests, the samples were removed from the graphite crucibles and photographed. After that, the samples were sliced and polished, as illustrated in the earlier paper.
33) The polished sections were studied with an Olympus BX51 Light Optical Microscope (LOM) and a Zeiss Ultra Plus Field Emission Scanning Electron Microscope (FESEM) equipped with an Oxford Instruments Energy-Dispersive X-ray Spectroscopy (EDS) detector. Before the EDS analyses, the polished sections were coated with carbon to ensure electrical conductivity.
Novelty of the Experimental Method and Com-
parison to Other Methods This paper introduces an advanced test named ARUL to evaluate the reduction-softening behaviour of blast furnace burden materials under simulated BF gas, temperature and pressure conditions. The novelty of the advanced test in relation to other methods reported in the literature (see Table  1 ), including the new method presented recently by Guha and Sinha, 29) is the smooth gas program, which is constantly adjusted based on the general understanding of how CO-CO 2 gas composition changes in the BF shaft. The ARUL test also responds to the weaknesses of the standard RUL test (ISO 7992:2007) 8) which is carried out under isothermal conditions at 1 050°C. In the RUL test, the temperature is so low that liquid phases do not form, and furthermore the actual conditions in a working BF fluctuate as the burden descends. In the ARUL test, the temperature is increased until the reducing gases have major difficulties in penetrating through the material layer.
In a reduction under load test, it is essential to have a compression force that exceeds the deformation threshold of the tested iron burden material. The compression force in the ARUL test (200 kPa) is notably higher compared to the reduction under load tests reported in the literature (10-128 kPa). It can be questioned if the lowest compression forces reported in the literature have been enough to exceed the deformation threshold of the iron burden material in the reduction-under load tests for a packed bed of material.
The compression force of 200 kPa used in the ARUL tests was estimated based on the BF operational data. The load of burden material in the BF shaft is affected by operation practice, because the bulk density of pellets is higher compared to sinter and coke. Furthermore, the furnace height affects the load. The high load conditions in the MASSIM program used in this study simulates pellet operation in a relatively high blast furnace with high injection levels of auxiliary reducing agents.
Results
After the ARUL experiments, the samples were photographed (see Fig. 3 ). The orientation in the image is similar to the orientation in the test device, thus the reducing gases have gone through the burden from bottom to top. In the top part of the sample, the material is flattened due to the load showing a softened structure. The melt had started to squeeze through the perforated lid of the graphite crucible at the end of the test.
After the samples were photographed, a cross-section of them was cut and polished. The cross-sections of the samples are shown in Fig. 4 . The orientation in the image is similar to the orientation in the test device. Light grey depicts metallic iron and dark grey wüstite or macro-pores. It can be seen that, generally, the lower part of the sample is more reduced than the upper part because of the descending reducing capability of gases from the bottom to the top of the sample. Additionally, it can be seen that wüstite is the predominant phase of iron after the reduction-softening test and that partly reduced (wüstite) areas are located practi- 
33)
). cally at the core of the pellets, indicating topochemical reduction from the periphery towards the core of individual pellets. The thickness of the metallic iron shell is affected by the permeability differences inside the material layer. The metallic iron shell is thicker where voidage exists, because macro-pores provides routes for reducing gases to penetrate through the sample. However, the sinter sample has been reduced much more than the pellets, and only some wüstite is left at the top of the sample. The pressure difference and compression curves in the reduction-softening tests are shown in Fig. 5 together with the measured sample temperature. The pressure difference over the material layer stays constant until it rapidly increases in the melt exudation stage. The marked increase in the pressure difference over the bed occurred first with the acid pellets, after that with the olivine pellets and last with the basic sinter. The pressure difference over the sample increased quickly with the acid pellets, but more slowly with the olivine pellets and even more slowly with the sinter sample. The data of the pressure difference measurements has been summarized in the TDP20, TDP50 and TDP70 values in Table 3 . The final compression of the sample was the same for both the pellet grades, but the sinter sample compressed much more without losing the permeability of the packed bed. A big difference between the test materials was noticed in the final temperatures and reduction degrees in the test. The final temperatures of the test were 1 160°C, 1 252°C and 1 329°C for the acid pellet, the olivine fluxed pellet and the basic sinter, respectively. The final reduction degrees were 48.7%, 68.7% and 90.2% for the acid pellet, the olivine fluxed pellet and the basic sinter, respectively.
Discussion 4.1. Differences among the Studied Materials
The reduction-softening properties of two types of commercial iron ore pellets (acid and olivine fluxed) and basic sinter were experimentally investigated. The results of the present work show different softening behaviour for iron burden materials with markedly different chemistry. The basic sinter resisted up to the highest temperatures before the gas-impermeable structure was formed, and the acid pellet layer lost its permeability the earliest, although the ratio between the sample weight and the total gas flow rate was the most favourable for the acid pellet and the most unfavourable for the basic sinter. The final temperatures of the ARUL tests differed by a maximum of 169°C between the test materials. The higher final temperature of sinter is one of the reason of the higher reduction degree of sinter because there was more time for reduction reactions which are markedly faster at higher temperatures.
The reduction degree of a ferrous burden is typically above 50% in the cohesive zone of a BF. 1) In this study, the final reduction degree varied from 48.7% to 90.2%. Simultaneously, the final temperature of the test varied from 1 160°C to 1 329°C. The final temperature and the final reduction degree in the ARUL test increased in the following order: the acid pellet, the olivine fluxed pellet and the basic sinter. In BF operation, the softening of iron burden should occur at as high a temperature as possible in order to provide sufficient time for gaseous reduction. A higher reduction degree in the cohesive zone results in a lower share of direct reduction occurring in the BF hearth, and hence the coke charge can be decreased. In that case less CO is generated at the tuyéres in relation to the ore charge weakening the reduction conditions. The coke rate can be decreased until a new equilibrium in the heat balance and in the reducibility of the iron burden layer is attained in the furnace.
The microstructures of the samples were analysed to obtain information about the structure after softening. The microstructures of the test materials after the reductionsoftening tests are shown in Figs. 6 and 7. The LOM images in Fig. 6 and FESEM images in Fig. 7 were captured near the top of the cross-sectioned sample from the poorly reduced area, in which a lot of wüstite remains. The reason for analysing the top part instead of the bottom part of the cross-sectioned samples was that the gases lost their reducing capability while ascending through a packed bed of iron burden material and hence the differences in the reduction extent are at the largest near the top surface of the sample cake. In the pellet samples, the slag phase surrounds the wüstite. The size of the wüstite grains is larger in the olivine pellet sample compared to the acid pellet. The wüstite grains are round in shape, showing a softened structure and that some wüstite has been dissolved in the slag. The amount of the molten slag phase is small in the olivine pellet, but more slag is visible in the acid pellet sample, mainly because of the higher SiO 2 content in the pellets. However, the basic sinter is rich in metallic iron due to a high reduction degree. In contrast to the softened structure of the wüstite in the pellet samples, the wüstite particles in the sinter are connected to each other, forming a partly uniform structure.
The chemical composition of the phases in Fig. 7 has been analysed with FESEM-EDS and is shown in Table  4 . Component contents of at least 1 wt-% were taken into account. The top parts of the acid pellet and the olivine pellet samples consist mainly of (magnesio)wüstite (Fe,Mg)O, fayalitic slag (Fe,Mg,Ca) 2 SiO 4 and metallic iron Fe. Some MgO (1.7 wt-%) has been dissolved in the wüstite in the olivine pellets, but no MgO was measured in the wüstite of the acid pellets. MgO was measured mostly in the fayalite phase, being approximately 1.2 wt-% in the acid pellets and 10.2 wt-% in the olivine pellets. The forsterite-fayalite phase diagram 38) shows that the more MgO is dissolved in the fayalite the higher the solidus temperature is. Additionally, some CaO was dissolved in the fayalite in the olivine pel- lets. Fayalite was not identified in the basic sinter, but was substituted by dicalciumsilicate Ca 2 SiO 4 , which itself has a high melting temperature. Some FeO was dissolved in the dicalciumsilicate in the sinter. Practically all the MgO in the sinter sample was dissolved in the wüstite phase, increasing the melting temperature of the wüstite. Not only the chemistry but also the pore structure explain the differences observed in the reduction-softening behaviour among the test materials. The cross-sections of the samples reveal (see Fig. 4 ) that the sinter sample has more macro-pores in relation to the pellets even when the structure is soft, although the initial particle size for the sinter was smaller. The porosity of the sinter appears to remain higher in relation to the pellets providing routes for reducing gases, and hence resulting in a higher final reduction degree. Similar photographs showing the macrostructures of the cross-sections of the iron burden samples (acid pellet, self-fluxed pellet and sinter) after the reduction under load test are presented by Hotta and Yamaoka. 7) They also observed the higher reducibility of the sinter compared to the acid pellet.
Estimation of Softening with Thermodynamics
In order to clarify the softening mechanisms of the blast furnace iron burden materials, the phase systems were studied further with phase diagrams calculated using the computational thermodynamic software FactSage 34) version 7.0 and its FToxid database. The software, its databases and its possibilities and restrictions are presented thoroughly elsewhere by the authors of the software, [35] [36] [37] thus making it unnecessary to present the software here.
Phase diagrams for the 5-component FeO-SiO 2 -CaOMgO-Al 2 O 3 systems with constant CaO, MgO and Al 2 O 3 contents were calculated with the Phase Diagram module in FactSage using the original composition of the pellets and the sinter. Three types of solution phases were considered in the FactSage calculations: a liquid oxide phase (FToxid-SLAG), a solid monoxide phase (FToxid-MeO) and a solid olivine-type phase (FToxid-Oliv). Additionally, numerous relevant pure invariant solid phases were taken into account. The chemical compositions of the test materials shown in Fig. 6 LOM images from the top parts of the samples after the reduction-softening tests in the polished sections of (a) the acid pellet, (b) the olivine pellet and (c) the basic sinter. "Fe 0 " stands for metallic iron, "Fe 2 + " for wüstite, "S" for slag, "C2S" for dicalciumsilicate, "P" for pore and "E" for epoxy.
Fig. 7. Backscattered electron images by FESEM from the top
parts of the samples after the reduction-softening tests in the polished sections of (a) the acid pellet, (b) the olivine pellet and (c) the basic sinter. "Fe 0 " stands for metallic iron, "Fe 2 + " for wüstite, "S" for slag and "C2S" for dicalciumsilicate. Table 2 were used in the phase diagram calculations, so that the amount of Fe tot was converted to the divalent form (Fe 2 + ). Components other than SiO 2 , MgO, CaO, Al 2 O 3 and Fe tot were not considered, and the SiO 2 , MgO, CaO, Al 2 O 3 and FeO contents were normalized to 100% before using them in the computations (see Table 5 ).
The results of the previous study by Kemppainen et al. 16) indicate that softening of the pellets is caused by the softening of the pellet core where wüstite is the dominant phase of iron, and the reduction degrees of 50-70% had no significant effect on the softening behaviour. Hence, the focus in the computed FeO-SiO 2 -CaO-MgO-Al 2 O 3 phase diagrams has been set on the core regions of partly reduced materials and hence all the iron has been assumed to be in divalent (Fe 2 + ) form. Also, the microscopy of the softened samples revealed that all iron was in the form of wüstite or metallic iron and no magnetite or hematite existed (see Table 4 ). compositions for (a) the acid pellet, (b) the olivine pellet and (c) the basic sinter shown in Fig. 7 Metallic iron (7) (8) 101. 7 
Fe
The average values are marked with italics indicating the typical phase composition. However, the sinter sample was almost fully reduced in the reduction-softening test and hence also the reduction reactions of iron should have been included in the FactSage calculations for the sinter system. The FeO-SiO 2 -CaO-MgO-Al 2 O 3 phase diagrams are presented in Fig. 8 for (a) the acid pellet, (b) the olivine fluxed pellet and (c) the basic sinter. The dashed vertical lines illustrate the SiO 2 content in the materials, and the black dots are the TDP20, TDP50 and TDP70 values of the reduction-softening tests. The phase diagrams show that the solidus temperatures at which liquid phases start to form are 1 144°C, 1 138°C and 1 207°C for the acid pellets, the olivine fluxed pellets and the basic sinter, respectively. Each reduction-softening test was continued up to a higher temperature than the solidus temperature of the test material. The liquidus temperatures at which all wüstite has been dissolved in slag are 1 347°C, 1 435°C and 1 446°C for the acid pellets, the olivine fluxed pellets and the basic sinter, respectively. The liquidus temperatures of the test materials are significantly higher compared to the final temperatures in the reduction-softening tests. According to the computed phase diagrams, the existing phases are slag, wüstite and olivine for the acid pellet, and slag and wüstite for the olivine fluxed pellet and the basic sinter. The same phases were identified with microscopy, but also some dicalciumsilicate was found in the polished section of the sinter sample. A reason for that is probably that the sinter sample was almost fully reduced and there were almost practically no wüstite dissolving in dicalciumsilicate. For the sinter, the reduction reactions of iron should have been taken into account in the thermodynamic calculations. Furthermore, the computed phase diagrams also show that the solidus temperature of the sinter sample is vulnerable to decrease due to changes in the SiO 2 content. Thus, the amount of SiO 2 in the sinter must be strictly controlled.
The proportions of existing phases in the materials as a function of temperature was further calculated for the FeOSiO 2 -CaO-MgO-Al 2 O 3 systems (see Fig. 9 ) with FactSage using the Equilib module. Significant differences exist in the formation of slag phase and in the solubility of wüstite in slag. Figure 10 depicts a comparison between the liquid oxide phase fraction curves as a function of temperature for the test materials. The black dots illustrate the estimated amounts of slag at temperatures when the pressure difference reached 2 kPa, 5 kPa and 7 kPa in the experimental setup. The liquid oxide phase fraction curves are in accordance with the computed phase diagrams when the solidus and liquidus temperatures are considered. The formation of the liquid phase starts at lower temperatures in the olivine fluxed pellets compared to the acid pellets and the basic sinter. However, the melting proceeds remarkably slower in the olivine pellets compared to the acid pellets and the basic sinter. The diagram estimates that the proportion of liquid slag was approximately 4%, 10% and 43% in the regions of partly reduced materials when the reduction-softening tests were finished. The higher amount of alkaline components (K 2 O and Na 2 O) in the acid pellets compared to the olivine fluxed pellets is one of the reason explaining the difference between the calculations and the experiments, because they lower the solidus temperature of the system even in small amounts. 39) However, only a small amount of FeO has dissolved in the slag, and FeO existed mainly in the wüstite phase as the gas impermeable structure was formed. This can be verified in the microstructures of the samples after the reduction-softening test shown in Figs. 6 and 7.
Limitations to the Reduction-softening Test
Naturally, there are also some limitations to the ARUL reduction-softening test. The major limitation to the test is the lack of hydrogen and water vapour in the reducing gas, because H 2 -H 2 O has been reported to affect the reducibility of the iron burden materials. 40) Thus, implementing a water vapour generator is an issue in future.
In a real blast furnace, other slag-forming elements are also captured by pellets, such as alkalis, sulphur and ash particles from metallurgical coke and alternative reducing agents. The effect of alkalis, sulphur and ash particles on melt formation was not studied here, but problems may arise from a high sulphur load leading to partial melt formation of FeO-FeS at 915°C. 38, 41) Additionally, the gas-to-solid ratio is lower in the reduction-softening test than in a real blast furnace due to limitations in the experimental setup. Another aspect to take into account is that both gases and solids are heated externally in the reduction-softening test, although heat transfer and oxygen transfer reactions in the blast furnace are interrelated. 42) Consequently, heat transfer in the furnace and its possible effect on the kinetics of the reduction of iron oxides cannot be accurately simulated.
Because of the abovementioned limitations, the numerical values of reduction-softening experiments cannot be taken as a direct measure of the softening temperature of the iron burden in a working BF, but they show the difference among different burden materials and therefore are especially suitable for comparative studies of burden material behaviour.
Limitations to the Thermodynamic Calculations
Firstly, there is an assumption of global equilibrium conditions in the FactSage-computed phase diagrams, but there are individual phases in the microstructure of the pellets and the sinter, and these are not evenly distributed, leading to local equilibrium conditions. Secondly, the system had to be simplified, ignoring reduction reactions of iron and components other than SiO 2 , MgO, CaO, Al 2 O 3 and Fe tot . For instance, alkalis -even in small amounts -can decrease the solidus temperature significantly; however, the fraction of liquid at this point is small. 39) It was assumed that a higher amount of alkalis in the acid pellets affected the softening behaviour in the reduction-softening test. Thirdly, thermodynamics does not take into account reaction kinetics, which determine how quickly the composition of the system changes towards the thermodynamic equilibrium. Even though reactions are faster at high temperatures, the thermodynamic equilibrium was not achieved in all areas of the samples at the end of the reduction-softening tests. Metallic iron is the stable phase of Fe at temperatures above 1 000°C under the test conditions; however, a lot of wüstite was present in the microstructures of the samples. Additionally, the FactSage-computed phase diagram for the sinter suggests that dicalciumsilicate has been dissolved in the slag until 1 300°C. However, some dicalciumsilicate was found in the microstructure of the sinter in the top part of the sample cake after the reduction-softening test. One reason might be the high reduction degree for the sinter and the lack of wüstite.
Conclusions
The reduction-softening properties of two types of commercial iron ore pellets (acid and olivine fluxed) and basic sinter were investigated using a tailor-made, high-temperature furnace named ARUL with a compression force of 200 kPa and a dynamic gas composition-temperature program from ambient temperature up to elevated temperatures until the reducing gases had major difficulties in penetrating through the material layer. The results obtained in this study are summarised as follows:
(1) The sinter sample with a short basicity of 2.13 resisted significantly up to the highest temperature (1 329°C) before the gas impermeable structure was formed. Simultaneously, the basic sinter reduced to the highest reduction degree (90.2%), which indicates a higher reduction degree in the cohesive zone and thus a lower share of direct reduc- tion occurring in the blast furnace hearth, resulting in a lower consumption of reducing agents.
(2) The olivine pellet had intermediate reductionsoftening properties with a reduction degree of 68.7% and a final temperature of 1 252°C. A significant amount of MgO was dissolved in the fayalitic slag, increasing the solidus temperature.
(3) The acid pellet had inferior reduction-softening properties due to a lack of additives (MgO) and a high amount of SiO 2 , forming low-melting fayalitic slag. The final reduction degree was 48.7%, and the temperature at the end of the test was 1 160°C.
(4) The differences in the reduction-softening behaviour among the test materials were assessed to be caused mainly by different chemistry, but it was also revealed that the sinter sample remained its macro-porosity markedly better in relation to the pellets providing routes for reducing gases.
(5) Phase diagrams for FeO-SiO 2 -CaO-MgO-Al 2 O 3 systems were computed with FactSage in order to estimate the formation of liquid phases using the chemical composition of the test materials. The computed phase diagrams gave a good estimate of the liquid formation; however, some limitations were also found because of the need to define the system to a certain degree of simplicity. 
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